Neovascularization (NV), as a cardinal complication of several ocular diseases, has been intensively studied, and research has shown its close association with inflammation and immune cells. In the present study, the role of interleukin-17A (IL-17A) in angiogenesis in the process of ocular NV both in vivo and in vitro was investigated. Also, a paracrine role of IL-17A was demonstrated in the crosstalk between endothelial cells and macrophages in angiogenesis. In the retinas of mice with retinopathy of prematurity, the IL-17A expression increased significantly at postnatal day 15 (P15) and P18 during retinal NV. Mice given IL-17A neutralizing antibody (NAb) developed significantly reduced choroidal NV and retinal NV. Studies on vascular endothelial growth factor (VEGF) over-expressing mice suggested that IL-17A modulated NV through the VEGF pathway. Furthermore, IL-17A deficiency shifted macrophage polarization toward an M2 phenotype during retinal NV with significantly reduced M1 cytokine expression compared with wild-type controls. In vitro assays revealed that IL-17A treated macrophage supernatant gave rise to elevated human umbilical vascular endothelial cell proliferation, tube formation and VEGF receptor 1 and receptor 2 expression. Therefore, IL-17A could potentially serve as a novel target for treating ocular NV diseases. The limitation of this study involved the potential mechanisms, such as which transcription accounted for macrophage polarization and how the subsequent cytokines were modulated when macrophages were polarized. Further studies need to be undertaken to definitively determine the extent to which IL-17A neutralizing anti-angiogenic activity depends on macrophage modulation compared with anti-VEGF treatment.
Introduction
Formation of blood vessels is an essential process for the development of organism and tissue regeneration. However, angiogenesis occurring during postnatal development, usually abnormal angiogenesis, is probably associated with inflammation. 1 Ocular neovascularization (NV) includes retinal and choroidal NV (RNV/CNV), which account for most moderate and severe vision losses in developed countries. 2 Treatments for these diseases, such as age-related macular degeneration and diabetic retinopathy, include numerous intravitreal injections of anti-vascular endothelial growth factor (anti-VEGF) antibody to inhibit NV, which costs patients repeated office visits. However, the treatments take effect in only some patients, indicating that anti-VEGF alone is not effective enough to modulate the NV process. 3 Recently, a growing number of studies have revealed that NV is regulated by a complex interplay between inflammatory cytokines and immune cells. During the process, immune cells such as macrophages and granulocytes are recruited to the hypoxic area to produce a variety of cytokines to make a pro-angiogenic microenvironment. 4 Interleukin-17 (IL-17) has been reported as a main effector cytokine of Th17 cells and has become increasingly interesting following the identification of Th17 immunology. Six IL-17 family members have been identified currently, IL-17A to IL-17F; IL-17A, which is often recognized as the signature cytokine of T helper type 17 cells, has been identified as the prototypic family member. 5 Interleukin-17, an inflammatory cytokine, has been studied in immunity, infection, transplantation and tumours, and has been shown to enhance tumorigenesis through the up-regulation of angiogenesis-related molecules. Previous investigations by Chung et al. 6 revealed a paracrine network mediated by IL-17-promoted tumour resistance to antiangiogenic therapy. Pickens et al. 7 found an increased concentration of IL-17 in rheumatoid arthritis joints, and it induced human lung microvascular endothelial cell migration. Other research has shown that IL-17 stimulated tumour growth by up-regulating pro-angiogenic factors such as VEGF and matrix metalloproteinase-9, suggesting an indirect role of IL-17 in angiogenesis. 8 Recently, many reports have demonstrated the involvement of IL-17 in the pathogenesis of age-related macular degeneration. These studies identified elevated levels of IL-17 in patients with age-related macular degeneration. 9, 10 Besides, Hasegawa et al. 11 demonstrated that IL-17 promoted CNV in a VEGF-independent manner in a laserinduced CNV mouse model. According to these findings, it is reasonable to support that IL-17 plays an important role in ocular NV in addition to VEGF. However, further studies on how IL-17 modulates ocular NV remained to be carried out. Therefore, in this study, the role of IL-17A in regulating ocular NV and its potential interactions with macrophages and inflammatory cytokines in several ocular NV mouse models and cell assays were investigated.
Materials and methods

Mice and ethics statement
All procedures and animal care were performed in accordance with the Guide for the Care and Use of Laboratory Animals, by the National Institutes of Health, with the approval (SYXK-2011-0026) of the Scientific Investigation Board of Shanghai Jiao Tong University School of Medicine, Shanghai, China. Mice used in this study included specific pathogen-free C57BL/6 mice (Charles River Laboratories, Wilmington, MA), IL-17A À/À mice (purchased from Jackson Laboratory, Bar Harbor, ME), rhodopsin promoter/VEGF (rho/VEGF) transgenic mice, 12 and double transgenic mice with doxycycline-inducible expression of VEGF in photoreceptors (Tet/opsin/VEGF double transgenic mice), 13 all on a C57BL/6 background. All efforts were made to minimize animal suffering.
Mouse model of oxygen-induced RNV and immunostaining
Mice on a C57BL/6 background were exposed to 75 AE 3% oxygen from postnatal day 7 (P7) to P12 with their nursing mother and returned to room air at P12, as described in a previous study.
14 At P12, the mice were divided into several groups, with one eye intravitreously injected with IL-17A neutralizing antibody (NAb) at 0Á1, 0Á5 or 1 lg/ll or with recombinant IL-17A (rIL-17A) at 0Á01, 0Á1 or 0Á5 lg/ll and the other eye intravitreously injected with PBS. Intraocular injection was performed using a dissecting microscope with a Harvard Pump Microinjection System (Harvard Apparatus, Holliston, MA) and pulled glass micropipettes as described in a previous study. 15 At P17, the mice were killed and their eyes were removed and fixed in 4% phosphate-buffered formalin at room temperature for at least 5 hr. The retinas were then dissected and incubated in fluorescein Griffonia Simplicifolia Lectin-B4 (GSA-Lectin, 1 : 50; Vector Laboratories, Inc., Burlingame, CA) labelled with FITC for 45 min at room temperature. After this, the retinas were washed three times in PBS and whole mounted with radial incision from the edge of the retina to the equator on glass slides in a mounting medium (Aquamount; Polysciences, Warrington, PA). Retinal flatmounts were examined and captured with a fluorescence microscope (Nikon Instruments Inc., New York, NY), and images were analysed using the IMAGE-PRO Plus software (Media Cybernetics, Silver Spring, MD).
Mouse model of CNV and flat-mounts analysis
Choroidal NV was induced by laser photocoagulation with rupture of Bruch's membrane, as described in a ª 2015 John Wiley & Sons Ltd, Immunology, 147, 414-428 previous study. 16 Briefly, 5-to 8-week-old C57BL/6 mice were anaesthetized with ketamine hydrochloride (100-mg/ kg body weight), and their pupils were dilated with 1% tropicamide. Laser spots were delivered using a system of an OcuLight GL diode laser (100-lm spot size, 0Á1-second duration, 100 mW; Iridex, Mountain View, CA, USA), with a cover slide placed on the cornea as a contact lens to view the retina, to perform burns at 3, 9 and 12 o'clock positions in the retina per eye. A bubble at the impact site was confirmed as the disruption of the Bruch's membrane. As a result, only laser spots produced with a bubble were included in the study. At days 1 and 7 after photocoagulation, mice were given 0Á1, 0Á5 or 1 lg/ll of IL-17A NAb or 0Á01, 0Á1 or 0Á5 lg/ll of rIL-17A in one eye and PBS in the other eye. Two weeks after photocoagulation, mice were anaesthetized and perfused with 1 ml of PBS containing 50 mg/ml of fluoresceinlabelled dextran (2 9 10 6 average molecular weight; Sigma-Aldrich, St Louis, MO) into the left ventricle. The mice were then killed and their eyes were removed and fixed in 4% formalin at room temperature for at least 5 hr. Choroidal membranes were carefully dissected, flatmounted, examined and captured with a fluorescence microscope, and images were analysed using the IMAGE-PRO PLUS software, with investigators masked with respect to the experimental groups.
Mouse model of VEGF over-expressed transgenic mice
Rho/VEGF transgenic mice, in which the rhodopsin promoter drives the expression of human VEGF 165 in photoreceptors so that new vessels sprout from the deep capillary bed of the retina starting at P10, 12 were intravitreously injected with 0Á5 lg/ll IL-17A NAb or 0Á1 lg/ll rIL-17A in one eye and PBS in the other eye. At P21, the rho/VEGF transgenic mice were anaesthetized and perfused with fluorescein-labelled dextran (Sigma-Aldrich). Their eyes were removed and fixed in 4% formalin for at least 5 hr. The cornea and lens were removed and the entire retina was carefully dissected from the eyecup with a radial cut from the edge of the retina to the equator and flat-mounted in a mounting medium. The retinal flat-mounts were examined by fluorescence microscopy at a 200 9 magnification so that easy delineation of the NV on the outer edge of the retina was accessible, with the remainder of the retinal vessels out of focus. The IMAGE-PRO PLUS software was used to measure the number and the total area of NV lesions per retina. Double-hemizygous Tet/opsin/VEGF double-transgenic mice (4-6 weeks old) with doxycyclin-inducible expression of human VEGF 165 were given 2 mg/ml of doxycycline in their drinking water to trigger high expression of VEGF (at least 30-fold higher than that seen in the rho/VEGF mice) in photoreceptors within 5 days. 13 After 5 days, retinas were pooled for RNA isolation.
Immunofluorescence staining of IL-17A and GSA-lectin C57BL/6 mice with retinopathy of prematurity (ROP) or age-matched controls were killed at P15 and P18. Their eyes were enucleated and rapidly frozen in optimum cutting temperature embedding compound (Miles Laboratories, Elkhart, IN) for frozen section. Sections (10 lm) were thawed, air-dried and fixed in acetone at À20°C for 20 min. These sections were then incubated in 5% BSA followed by overnight incubation at 4°C in polyclonal rabbit anti-mouse IL-17A antibody (Santa Cruz Biotechnology, Inc., Dallas, TX). They were then incubated in Alexa 555 anti-rabbit IgG (Cell Signaling Technology, Inc., Danvers, MA) and GSALectin. Antibodies were diluted with an antibody diluent (Dako, Glostrup, Denmark). The sections were finally washed with PBS between these incubations, and examined and captured with a fluorescence microscope.
Cell culture
Human umbilical vascular endothelial cells (HUVECs) and RAW264.7 cells (Cell Bank of Chinese Academy of Science, Shanghai, China) were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS). The cells were resuspended in DMEM containing 2% FBS and seeded in triplicate to six-well plates until the cells adhered to the plate after 24 hr. The medium of RAW264.7 cells was replaced with 1 ml of fresh DMEM containing 0Á2% FBS and different concentrations (0, 10, 50 and 100 ng/ml) of rIL-17A (R&D Systems, Minneapolis, MN). After 24 hr, the supernatant of RAW264.7 cells was collected to replace the medium of HUVECs for the following incubation. The cells were harvested and subjected to RNA and protein isolation as described under Real-time RT-PCR and Immunoblots of retina tissues and cell lysate.
Cell proliferation
The HUVECs were resuspended in DMEM containing 0Á2% FBS. Approximately 4 9 10 3 cells in 100 ll of medium were added in triplicate to each well and incubated at 37°C in 5% CO 2 for 24 hr until the cells adhered to the plate. Then the medium was replaced with 100 ll per well of the supernatant of RAW264.7 cells cultured with different concentrations of rIL-17A or HUVEC culture medium containing different concentrations of rIL-17A. After 24, 48 or 72 hr of incubation, 10 ll of Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) was added to each well in accordance with the manufacturer's instructions, and the cells were incubated for another 90 min at 37°C. The absorbance of 450 nm was measured with a microplate reader (Model 450; Bio-Rad, Hercules, CA). The independent experiments were repeated three times.
Tube formation assay
Growth factor-reduced basement membrane matrix (Matrigel; BD Bioscience, San Jose, CA) was added at 150 ll per well into 48-well plates on ice and the plates were placed at 37°C for 30 min for polymerization. HUVECs (2 9 10 4 ) in 100 ll of DMEM containing 0Á2% FBS with or without 50 ng/ml rIL-17A or supernatant of RAW264.7 cells treated with 50 ng/ml rIL-17A were plated onto the gel surface and incubated at 37°C for 6 hr. VEGF (10 ng/ml) was used as a positive control. Cell tube formation was examined by phase-contrast microscopy and images of five random fields per well were taken. An endothelial tube number was quantified as described in a previous study. 17 
Real-time RT-PCR
Mice with ROP or age-matched controls were killed, and their eyes were removed at specific times for observation. The retinas were dissected after an annular incision along the limbus, leaving the anterior segments removed. Total RNA of retinas and harvested cells was isolated using a Trizol reagent (Invitrogen, Carlsbad, CA), in accordance with the manufacturer's instructions. 18 Pre-treated with DNase I (Promega, Fitchburg, WI), 2 lg of each sample of RNA was reverse transcribed into complementary DNA with M-MLV Transcriptase and oligo dT Primers (Promega) as instructed by the manufacturers. Quantitative RT-PCR analysis was performed as described in a previous study. 19 Briefly, each PCR was carried out in a 20-ll volume using iQ SYBR Green mix (Roche, Basel, Switzerland) for 10 min at 95°C denaturation, followed by 95°C for 30 seconds and 60°C for 1 min for 40 cycles in ABI 7500, and normalized by housekeeping genes. Two retinas were considered as one sample. The DDC T method was used for relative quantification. Primers used included VEGFR1 (forward:
. Others are listed in Table 1 .
Immunoblots of retina tissues and cell lysate C57BL/6 mice with ROP or age-matched controls were killed at P13, P15, P18 and P21. The retinas were immediately dissected and pooled for protein isolation. The retina tissues were sonicated for 5 seconds at 4°C, and RAW264.7 cells were lysed in ice-cold protein lysis buffer containing 2% proteinase inhibitor and 1% phosphatase inhibitor (Roche), in accordance with the manufacturer's instructions. The protein concentration of the supernatant was measured using a BCA Protein Quantification Assay Kit (Thermofisher Scientific, G€ oteborg, Sweden). Protein (100 lg) was loaded in wells of a 10% SDS gel, and separated proteins were transferred to a nitrocellulose membrane after electrophoresis. The membrane was incubated in 0Á05 M Tris-buffered saline (TBS), pH 7Á6, containing 5% skim milk, for 2 hr at room temperature to block non-specific binding sites, and then probed with primary antibodies overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated goat anti-rabbit polyclonal antibody (Amersham Pharmacia Biotech, Livingston, NJ) at room temperature for 1 hr then washing in TBST three times. Membranes were then incubated in an Enhanced Chemoluminescence-Plus Western Blotting Detection Reagent (Amersham Pharmacia Biotech) for signal detection. Primary antibodies used included rabbit anti-mouse IL-17A antibody, Jun N-terminal kinase (JNK), phospho-JNK, Akt, phospho-Akt (Thr308), extracellular signal-regulated kinase 1/2 (ERK1/2), phospho-ERK1/2, Notch1, p38, phospho-p38 (Cell Signaling Technology), and b-actin (Sigma-Aldrich).
Antibody array detection of cytokine levels
Cytokine levels in culture supernatant of RAW264.7 treated with rIL-17A were measured using a Quantibody Cytokine Array Kit (QAM-CYT-1-1; RayBiotech, Inc., Norcross, GA). Cytokines including IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, IL-13, IL-17, keratinocyte-derived chemokine (KC), monocyte chemotactic protein 1 (MCP-1), macrophage colony-stimulating factor (M-CSF,) regulated upon activation normal T-cell expressed and secreted (RANTES), tumour necrosis factor-a (TNF-a), VEGF, granulocyte-macrophage colonystimulating factor (GM-CSF) and interferon-c were quantitatively detected according to the manufacturer's instructions, and the data were analysed with an accessible software provided by the company.
Quantification of NO production in cell supernatant
RAW264.7 macrophages (5 9 10 4 /ml) were cultured in DMEM with different concentrations of rIL-17A for 24 hr. The supernatant was then collected for measuring the accumulation of nitrite according to the Griess reaction. 20 Briefly, equal volumes of culture supernatant from each well sample of medium were mixed with Griess reagent in a 96-well plate. After 15 min of incubation at room temperature, the absorbance at 550 nm was examined and the nitrite concentration in the supernatants was calculated using nitrite as a standard.
Isolation of mouse retina CD11b
+ cells
Mouse retinas of P13, P15, P18 and P21 from wild-type (WT) mice and IL-17 À/À mice with oxygen-induced retinopathy (each time-point included 6-10 mice, one mouse as one sample) were carefully dissected out and digested in pre-warmed 16Á5-U/ml papain solution (Worthington Biochemical, Lakewood, NJ) for 30 min with gentle pipetting. The cell digestion suspensions were then transferred and passed through cell strainers (BD Falcon, Franklin Lakes, NJ, USA) to ensure single-cell suspension. Trypsin inhibitor was added to stop digestion, and then cells were spun down at 900 rpm (89g). After gently removing the supernatant, the cell pellet was resuspended with 90-ll MACS buffer (BD Biosciences) and mixed well with 10-ll anti-mouse CD11b magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany), incubated at 4°C for 20 min, washed once, and resuspended in 500-ll MACS buffer. The cell pellet was then loaded on a premoisturized MS column (BD Biosciences) and washed twice. Then the columns were taken off the magnetite and residue cells were flushed out of the column, according to the manufacturer's protocol. The selected cells were collected and analysed by flow cytometry. All retina cell samples from different mice were treated as mentioned separately.
Flow cytometry analysis
The CD11b + cells from the retinas of mice with ROP were resuspended in MACS buffer (BD Biosciences) and incubated with phycoerythrin-conjugated anti-mouse CD11c (BD Biosciences), F4/80 (eBioscience, Vienna, Austria), Alexa Fluor 647-conjugated CD206 (AbD), and the matching control isotype IgGs for 30 min at 4°C. Then the cells were washed and rinsed again and incubated with secondary antibodies for 30 min at 4°C. The cells were then washed and resuspended in FACS buffer (BD Biosciences) and analysed by flow cytometry (FACSCalibur cytometer; BD Biosciences, Heidelberg, Germany). M1 macrophages were identified as F4/80-positive/CD11c-positive and M2 macrophages as F4/80-positive/CD206-positive cells. 21 Data analyses were performed using FLOWJO software (Tree Star, Ashland, OR). 
Messenger RNA expression of macrophage polarization-associated genes in the wild-type (WT) and interleukin-17A-deficient (IL-17A
) mouse model of retinopathy of prematurity. To investigate the effect of IL-17A blockade on macrophage polarization, M1-and M2-associated cytokines were analysed at P15 and P17. Relative gene expressions were analysed using the DDCT method and endogenously normalized to cyclophilin A. Statistical analysis were followed with the Student's t-test (n = 12 mice/group). 
Statistical analysis
Quantitative data were presented as mean values AE standard error of mean (SEM). Statistical significance was determined by the two-tailed Student's t-test or one-way analysis of variance with the Student-Newman-Keuls method for multiple comparisons. Differences were considered to be statistically significant at P values of 0Á05. Statistical analysis was performed using SAS 9.0 software (SAS Institute Inc., Cary, NC, USA).
Results
Detection of high levels of IL-17A in ROP mice retinas as RNV progressed
Immunofluorescence staining, quantitative PCR and immunoblot assays were performed to investigate if IL-17A played a role in RNV progress. Quantitative PCR and immunoblot assays demonstrated that IL-17A elevated significantly at P15 and P18 in retinas of mice with ROP compared with age-matched controls (Fig. 1b-d ).
Immunofluorescence staining also showed high IL-17A expression in retinas of mice with ROP at P15 and P18.
Merged images did not show co-localization of IL-17A and lectin, which stained for endothelial cells (Fig. 1a) . These findings indicated that IL-17A played a supportive role in RNV progress, but it might not be directly through endothelial cells.
Pro-angiogenic effects of IL-17A on NV both in RNV and CNV mouse models
The IL-17A À/À and WT mice, both on C57BL/6 background, were subjected to both ROP and CNV models as described in the Materials and methods section. The WT mice were divided into several groups at random to evaluate the effects of rIL-17A and IL-17A NAb on RNV and CNV. To investigate the effects as well as the effective concentration, dose-effect experiments were performed with these two mouse models. Results revealed that IL-17A neutralization significantly inhibited RNV and CNV at a concentration of 0Á5 lg/ll, whereas rIL-17A promoted NV with a significant difference at a concentration of 0Á1 lg/ll compared with PBS-injected eyes. Retinal and choroidal flat-mounts were performed as displayed in Fig. 2 . The area of CNV and RNV decreased significantly in IL-17A À/À and 0Á5-lg/ll IL-17A Nab-treated mice, but increased in mice treated with 0Á1 lg/ll rIL-17A (Fig. 2a-e and g-k) . High magnification of retinal flat-mounts (arrows) showed less and smaller NV sprouts of IL-17A À/À (Fig. 2h) and IL-17A Nab-treated mice (Fig. 2j) . These findings demonstrated that IL-17A probably acted as a pro-angiogenic cytokine in the ROP and CNV mouse models.
Reduction of sub-retinal NV by IL-17A neutralization in VEGF over-expressed mice, but not conversely Rho/VEGF mice were intravitreously injected with IL-17A NAb and rIL-17A in one eye and PBS in the other at P12. Retinas were dissected, flat-mounted, and stained with FITC-lectin at P21. An examination of retina flatmounts under fluorescence microscopy revealed that IL-17A NAb inhibited sub-RNV significantly, whereas rIL-17A did the opposite (Fig. 3a-h ). Further investigation as to whether high levels of VEGF expression stimulated IL-17A expression was carried out using VEGF-over-expressed and VEGF-neutralized mice. Quantitative PCR assays of these mouse retinas demonstrated no significant difference of IL-17A expression in VEGFover-expressed and VEGF-neutralized mice compared with controls ( Fig. 3i-k) . These findings revealed that VEGF-induced ocular NV seemed independent of IL-17A, but IL-17A might modulate ocular NV through VEGF. ) and wild-type (WT) C57BL/6 mice were subjected to hypoxic retinopathy and laser-induced CNV as described in the Materials and methods section. Among them, the WT mice were divided into several groups at random, with one eye intravitreously injected with rIL-17A or IL-17A neutralizing antibody (NAb) and the other eye injected with PBS at postnatal day 12 (P12) for mice with ROP, and at days 1 and 7 after laser photocoagulation for mice with CNV. The retinas of mice with ROP were flatmounted and stained with FITC-lectin at P17, while choroidal flat-mounts from mice with CNV were performed at day 14 after photocoagulation as described (a-e: n = 10 mice/group; g-k: n = 10 mice/group). Dose-effect experiments of IL-17 NAb and rIL-17A were performed (m-p). The IMAGE-PRO PLUS software was used to quantify the area of NV (f and l). Statistics were analysed using the Student-Newman-Keuls method. Data were mean AE SEM; *P < 0Á05. Immunofluorescence staining of retinal flat-mounts of rho/vascular endothelial growth factor (VEGF) mice treated with interleukin-17A neutralizing antibody (IL-17A NAb), rIL-17A, and IL-17A mRNA expression in the retinas of VEGF-over-expressed and VEGF-neutralized mice. IL-17A NAb and rIL-17A were intravitreously injected into the eyes of rho/VEGF mice at postnatal day 12 (P12), with control eyes injected with PBS; the retinas were dissected, stained with FITC-lectin, and flat-mounted at P21 (n = 12 mice/group). The total area of sub-retinal neovascularization (RNV) was reckoned by the IMAGE-PRO PLUS software (a-h). Data were analysed with the Student-Newman-Keuls test. The retinas of rho/VEGF mice and Tet/opsin/VEGF double-transgenic mice were dissected for RNA isolation as described in the Materials and methods section, including the retinas of mice with retinopathy of prematurity (ROP) treated with anti-VEGF NAb (n = 12 mice/group). The real-time RT-PCR demonstrated the difference of IL-17A mRNA expression in these VEGF-over-expressed and anti-VEGF-neutralized mice compared with controls (i-k). Data were analysed using the Student's t-test and shown as mean AE SEM (*P < 0Á05). 24 and the findings we detected, significant high levels of Fizz1, transforming growth factor-b, IL-1RA and CD206, and low levels of TNF-a, MHC II and IL-6 at P17 suggested a predominant mixed M2a and M2c phenotype in IL-17A deficiency ( Table 1) .
Shift of macrophage polarization toward an M2 phenotype during RNV due to IL-17A deficiency
Flow cytometry analysis was applied to exploring the role of IL-17A in macrophage polarization in the process of RNV. The retinas of WT and IL-17A À/À mice with ROP were dissected and digested with papain for flow cytometry analysis at P13, P15, P17 and P21. After sorting by CD11b beads, F4/80-positive CD11c-positive cells were identified as M1 whereas F4/80-positive CD206-positive cells were identified as M2, as suggested in previous studies. 21, 25 Results showed fewer M1 polarized macrophages in IL-17A À/À mice than in WT controls, especially at P15 and P17, but more M2 polarized macrophages in IL-17A À/À mice than in WT controls, especially at P17. The M1/M2 ratio revealed a shift of macrophage polarization toward M2 in IL-17A À/À mice compared with WT controls during the RNV process (Fig. 4) .
Enhancement of M1 proliferation signalling but mitigation of M2 proliferation signalling in macrophages by IL-17A
The mitogen-activated protein kinase (MAPK) family consisted of three parallel signal-transduction modules converging on the serine/threonine kinases JNK, p38, and ERK, and research has shown MAPK signalling to be involved in the promotion of M2 macrophage polarization. 26 Studies by Chiu et al. 27 revealed that the inhibition of Akt and nuclear factor-jB diminished M2 induction in tumour-associated macrophages in oral squamous cell carcinoma. Wang et al. 28 found Scriptaid shifted macrophage polarization toward the protective M2 phenotype by enhancing phosphorylation of AKT signalling in severe traumatic brain injury. Also, Singla et al. 29 indicated that Notch1 signalling played a pivotal role in M1 macrophage differentiation and enhanced inflammatory responses, and inhibition of Notch1 subsequent downstream signalling enhanced M2 polarized macrophage outcomes and promoted anti-inflammatory mediation. In an attempt to explore the role of IL-17A in macrophage polarization in vitro, the expression level and phosphorylation status of these kinases in RAW264.7 macrophages were examined. As shown in Fig. 5 , phosphorylation levels of MAPK signalling decreased in the presence of rIL-17A, whereas expression of M1 polarization-associated Notch1 increased with a statistical significance. These findings suggested that IL-17A tended to be an M1 polarization promoter that might heighten inflammatory responses.
Expression of inflammatory M1associated cytokines rather than M2-associated cytokines by RAW264.7 macrophages due to IL-17A RAW264.7 cells were treated with 0, 10, 50 and 100 ng/ ml rIL-17A for 24 hr. Cell lysate and culture supernatant were collected for quantitative PCR and protein detection. Quantitative analysis of cell mRNA revealed that mRNA expression of inducible nitric oxide synthase and TNF-a was up-regulated after stimulation by rIL-17A, whereas IL-10 and CD206 decreased. Protein concentrations of GM-CSF, IL-2, KC, IL-5, IL-9, RANTES and VEGF in the culture supernatants were detected by the Quantibody Cytokine Array Kit. Interleukin-17A significantly induced the expression of these cytokines. Also, NO production was determined by measuring the accumulation of nitrite in the supernatant using Griess reagent, which showed an increment in a dose-dependent manner. These results indicated that IL-17A stimulated the macrophage polarization shift to M1 phenotype, which resulted in a proangiogenic microenvironment (Fig. 6) .
Promotion of HUVEC proliferation and tube formation by IL-17A-treated macrophage supernatant
Human umbilical vascular endothelial cells were incubated in culture supernatant of rIL-17A-treated RAW264.7 macrophages or a culture medium containing different concentrations of rIL-17A cytokine for 24 hr. After 24 hr, the cells were subjected to RNA isolation. Quantitative PCR suggested significantly high expression of VEGFR1 and VEGFR2 in HUVECs incubated in 50 ng/ml rIL-17A-treated RAW264.7 macrophage supernatant (Fig. 7a, b) . But incubation in the presence of rIL-17A cytokine did not cause a significantly increased expression level of VEGFR1 and VEGFR2 in HUVECs (Fig. 7d, e) . CCK-8 assays were performed at 24, 48 and 72 hr to test endothelial proliferation, and the results showed that supernatant of 50 and 100 ng/ml rIL-17A-treated RAW264.7 macrophages stimu-lated HUVEC proliferation significantly at these observation time-points (Fig. 7c) . However, rIL-17A cytokine did not induce significantly high proliferation of HUVECs.
Tube formation assays (Fig. 7f) suggested that 50 ng/ml rIL-17A-treated RAW264.7 supernatant and 50 ng/ml rIL-17A cytokine stimulated similar levels of endothelial cell tube formation (Fig. 7g-k) . Considering the aforementioned tested protein levels, the results showed that IL-17A might stimulate macrophages to pro-angiogenic status so as to promote endothelial proliferation.
Discussion
The function of IL-17A covers a wide range of biological activities and is well known to participate in various inflammatory reactions. [30] [31] [32] Roles of IL-17A in angiogenesis have also been reported in tumour studies. Research has shown that IL-17A expression increased in 58% of prostate cancer, 33 and a higher percentage of Th17 cells in blood correlated to poorer outcome. 34 Meng et al.
35
demonstrated that over-expression of IL-17 in tumourassociated macrophage correlated with the differentiation and angiogenesis of laryngeal squamous cell carcinoma. Studies by Suryawanshi et al. found that corneal herpes simplex virus infection results in IL-17A production, which participates in corneal NV. 36 Animals lacking responses to IL-17A signalling, either because of IL-17 receptor A knockout or WT animals receiving NAb to IL-17A, had diminished corneal NV compared with controls. 36 As IL-17 participates in both inflammation and angiogenesis, which are essential pathological processes in NV eye diseases, this study investigated the potential role of IL-17A in modulating ocular NV with the application of several animal models. This study demonstrated an increased expression of IL-17A during the pathological process and indicated a promotive role of rIL-17A in NV. These results confirmed the present notion that IL-17A plays a stimulative role in ocular angiogenesis. 17A ; 0, 10, 50 and 100 ng/ml) for 24 hr. Equal amounts of whole-cell lysate were subjected to SDS-PAGE and Western blotting to detect levels of phosphorylated (p) AKT and total AKT, p-ERK1/2 and total ERK1/2, p-JNK and JNK, and Notch1. Levels of b-actin were considered as endogenous control. Representative Western blots (a). Quantification of AKT, ERK1/2, JNK phosphorylation, and Notch1 expression levels in RAW264.7 in response to 0, 10, 50 and 100 ng/ml rIL-17A are shown, respectively. Data are expressed as mean AE SEM from three independent experiments (b-f, *P < 0Á05, **P < 0Á01). Statistical analysis was performed by the Student-Newman-Keuls method for multiple comparisons.
This study next explored the counteraction of IL-17A with potential inflammatory and angiogenic cytokines involved in ocular NV. The results showed that proinflammatory cytokines were significantly reduced in IL-17A À/À mice with ROP compared with WT controls, but M2-associated cytokines such as IL-10 and M2 macrophage marker CD206 increased significantly in IL-17A
À/À mice with ROP. These findings directed the efforts to understanding the potential angiogenic effects of IL-17A on the polarization shift of macrophages. Therefore, macrophage polarization by flow cytometry was investigated. The results indicated a macrophage polarization shift to M2 phenotype in IL-17A À/À mice under hypoxic retinopathy. To further validate the effects of IL-17A on macrophages, in vitro assays were performed in the presence of different concentrations of rIL-17A. The results were consistent with the present in vivo study, indicating a polarization shift toward M1 phenotype in macrophages cultured in high concentrations of rIL-17A. As is well accepted, M1 macrophages produce high levels of pro-inflammatory cytokines such as TNF-a, IL-1b, IL-6 and reactive oxygen species but low levels of anti-inflammatory cytokines such as IL-10. M2 macrophages produce high levels of IL-10 and increased expression of mannose and galactose receptors. 37 Investigations of subretinal fluid analysis of patients with advanced ROP by Jie et al. showed significantly high expression of such pro-inflammatory cytokines as interferon-c, IL-4, IL-6, IL-8, IL-12p70, TNF-a, G-CSF, and GM-CSF compared with that of acute retinal detachment within 48 hr. In vitro assays for capillary formation and endothelial proliferation showed that sub-retinal fluid from ROP induced robust support for these cellular processes. Furthermore, retrolental membranes bluntly dissected from patients with advanced ROP displayed overwhelming M1 macrophages compared with M2 macrophages, clearly demonstrating that the retinal microenvironment of ROP is pro-angiogenic and pro-inflammatory. 4 Although there have been several polarization types of macrophage populations reported with different expression and production profiles according to the stimuli, cytokines like MHC II, IL-6 and TNF-a that are characteristically highly expressed in M2b macrophages are also produced by M1 macrophages. But actually, macrophages usually do not form a stable subtype in response to a combination of factors present in the tissue. 38, 39 As a result, it is preferable that signatures of macrophage subtypes may not exclude one another but display an overlapping effect. Based on the data presented and the functional profiles of M1 and M2 macrophages introduced by Haruaki Tomioka et al., 24 the study believed that IL-17A neutralization alleviated inflammation and facilitated tissue repair in ocular NV by modulating macrophage polarization toward the M2 phenotype and reduced expression of VEGF from M1 macrophages. However, NV is the proliferation of endothelial cells from pre-existing vessels. The study then investigated whether IL-17A interfering macrophages would modulate endothelial cells. The study detected elevated concentrations of pro-angiogenic VEGF and NO in high concentrations of rIL-17A-treated supernatants in addition to increased pro-inflammatory cytokines (such as GM-CSF, IL-2, KC, IL-5, IL-9 and RANTES). Furthermore, investigations on HUVECs cultured in medium containing rIL-17A cytokines and rIL-17A-treated macrophage supernatant suggested an indirect effect of IL-17A on endothelial cells that might orchestrate with macrophages to modulate ocular NV.
As VEGF is a pivotal cytokine modulating angiogenesis, the study also explored the interaction of IL-17A and VEGF applying two VEGF over-expressed animal models, rho/VEGF transgenic mice and Tet/opsin/VEGF double-transgenic mice. As shown in the results, these findings suggested that IL-17A might be an upstream cytokine that modulated ocular NV through the VEGF pathway.
The remarkable plasticity of macrophages has made it an interesting target in immunomodulation in inflammation and tissue regeneration. Research supported the view that controlled recruitment of appropriate phenotypes of macrophages promoted functional recovery in tissue inflammation and remodelling. 36 The present study demonstrated that IL-17A neutralization alleviated ocular NV through a polarization shift toward the M2 phenotype and reduced VEGF expression from M1 macrophages. Other research suggested that M2 macrophages secreted endothelial cell growth and angiogenic factors such as VEGF and CXCL1 and were considered to promote wound repair and NV. 40, 41 Studies by Richards et al. 42 also demonstrated that IL-19 accelerated revascularization in ischaemic hind limbs by polarization of macrophages to M2 together with the induction of VEGF expression in these cells.
The limitation of this study involved the potential mechanisms by which transcription accounted for macrophage polarization and how the subsequent cytokines were modulated when macrophages were polarized. Also, further studies are needed to definitively determine the extent to which IL-17A neutralizing anti-angiogenic activity depends on macrophage modulation compared with anti-VEGF treatment.
To conclude, the present study implicated for the first time that IL-17A neutralization alleviated ocular NV by promoting the macrophage polarization shift towards the M2 phenotype and reducing VEGF expression from M1 macrophages, whereas rIL-17A administration increased ocular NV by stimulating M1 polarization and endothelial cell proliferation and tube formation triggered by increased expression of VEGF from M1. The present study revealed an indirect effect of IL-17A on NV through macrophage polarization modulation, indicating that IL-17A might play a paracrine role in endothelial cell-macrophage crosstalk in angiogenesis. This would shed light on the therapeutic potential for this cytokine in treating NV eye diseases in addition to anti-VEGF therapy. Relative mRNA expression level (fold) 0 ng/ml 10 ng/ml 50 ng/ml 100 ng/ml rIL-17A 0 ng/ml 10 ng/ml 50 ng/ml 100 ng/ml rIL-17A 0 ng/ml 10 ng/ml 50 ng/ml 100 ng/ml rIL-17A 0 ng/ml 10 ng/ml 50 ng/ml 100 ng/ml 0 ng/ml 10 ng/ml 50 ng/ml 100 ng/ml 0 ng/ml 10 ng/ml 50 ng/ml 100 ng/ml rIL-17A 10 rIL-17A 50 rIL-17A 100 Figure 7 . Vascular endothelial growth factor receptor 1 (VEGFR1) and VEGFR2 mRNA expression, cell proliferation, and tube formation of human umbilical vascular endothelial cells (HUVECs) incubated in the culture medium or culture supernatants of recombinant interleukin-17A (rIL-17A) -treated RAW264.7 macrophages. VEGFR1 and VEGFR2 mRNA expression in HUVECs was up-regulated after incubation in supernatants of RAW264.7 cells treated with rIL-17A (a and b). VEGFR1 and VEGFR2 mRNA expression levels in HUVECs cultured in media containing different concentrations of rIL-17A cytokine (d and e). CCK-8 assays showed different proliferative effects of rIL-17A-treated RAW264.7 cell supernatant on HUVECs for 24, 48 and 72 hr, respectively (c and f). Tube formation assays were taken in HUVECs in the presence of 50 ng/ml rIL-17A cytokine (h) and rIL-17A-treated RAW264.7 cell supernatant (i). PBS (g) and 10-ng/ml VEGF (j) served as controls. Data presented demonstrate mean number of tubes in each treatment group (k). Each condition was performed in triplicate and the experiments were repeated three times. Bars represented mean AE SEM (n = 3/group, *P < 0Á05, **P < 0Á01). Statistical analysis was followed with the StudentNewman-Keuls method. Figure 6 . Messenger RNA and protein expression levels of recombinant interleukin-17A (rIL-17A) -treated RAW264.7 macrophages and supernatant. RAW264.7 macrophages were treated with different concentrations of rIL-17A for 24 hr. Cell lysate and cytokine concentrations in the culture medium were detected. The mRNA expression of inducible nitric oxide synthase (iNOS), tumour necrosis factor-a (TNF-a), IL-10 and CD206 were detected by real-time RT-PCR using the DDCT method and endogenously normalized to cyclophilin A (a-d) (Student-NewmanKeuls method). Protein levels of granulocyte-macrophage colony-stimulating factor (GM-CSF) (e), IL-2 (f), keratinocyte-derived chemokine (KC) (g), IL-5 (h), IL-9 (i), regulated upon activation normal T-cell expressed and secreted (RANTES) (j), and vascular endothelial growth factor (VEGF) (k) were detected by the Quantibody Cytokine Array Kit. The 0 ng/ml rIL-17A-treated groups served as controls (Student's t-test). NO concentration in supernatant was determined by measuring the accumulation of nitrite using Griess reagent (l) (Student-Newman-Keuls method). The values represented mean AE SD of three independent experiments (n = 5/group, *P < 0Á05, **P < 0Á01).
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